Experimental measurements and numerical analyses were performed to investigate the IC thresholds of two commercialized UCAs, albuminshelled KangRun® and lipid-shelled SonoVue®. The IC thresholds of these two UCAs were measured at varied acoustic pulse lengths and bubble concentrations, according to the IC dose quantifications based on passive cavitation detection (PCD). Then, the shell properties of UCAs were estimated by fitting the measured acoustic attenuation data. Finally, the influences of acoustic pulse length and UCA shell properties on the microbubble nonlinear behaviors were discussed based on numerical simulations, which would give us better understanding of the dependence of microbubble IC threshold on the sonication condition and physical structure properties of the coating shells. The experimental results show that: (1) the IC threshold of UCAs is dependent on the acoustic driving conditions, the shell properties of UCAs and the bubble concentration; (2) for both the lipid-and albumin-shelled UCAs, the IC threshold generally decreases with the increasing UCA volume concentration; (3) IC threshold is observed higher for short-pulse excitation, then its value decreases as the acoustic pulse length increases from 5 cycles to 20 cycles and finally tends to reach a steady state for even longer pulsed exposures.
INTRODUCTION
In recent years, the therapeutic applications of UCAs 1, 2 have attracted broad interests of researchers in both acoustic and medical communities. One of the most important mechanisms involved in US-induced non-thermal bioeffects is believed to be inertial cavitation (IC), in which the insonated micro-sized bubbles expand from the negative pressure phase of the ultrasonic field and then collapse in a violent implosion. The violent collapse of IC bubbles is associated with releasing a large concentration of energy causing high pressure and the propagation of a shock wave. The presence of UCAs can significantly increase the potential for US exposure to generate cavitation activity by introducing gas-based cavitation nuclei and lower the cavitation thresholds 3, 4 , which benefits the development of novel ultrasound diagnostic and therapeutic applications. Despite of increasing interests in IC-induced bioeffects, it is noteworthy that different imaging methods and therapeutic applications have different requirements for IC characteristics and excessive IC activities will cause some deleterious bioeffects to normal tissues/vessels, such as vascular endothelial damage, hemorrhage due to capillary rupture, cell apoptosis, and DNA fragmentation. Therefore, better understanding of the IC thresholds of UCAs will be helpful for controlling and optimizing the applications of UCAs in clinic, while minimizing undesired IC-induced injuries.
Compared to free gas bubbles, UCA microbubbles have different properties (e.g., resonance frequency, viscous damping and scattering responses) because of the introduction of shell materials. Based on the measurements of acoustic transmission, scattering, attenuation and radius-time responses, more and more coated-bubble dynamic models were proposed taking into account the shell properties [5] [6] [7] [8] [9] [10] [11] . The results showed that the presence of the encapsulation shell would increase the mechanical stiffness of the UCA particles; increasing the shell viscosity should be helpful for acoustic energy absorption. It was also reported that the nonlinear dynamic responses of UCA microbubbles, such as the second-, sub-and ultra-harmonic waves, also were highly related to the encapsulating shell properties, which might bring new insights into medical ultrasound applications [12] [13] [14] . All these studies implied that the IC threshold should not only be dependent on the acoustic driving parameters, but also rely on physical properties of encapsulating shell of UCA microbubbles.
In the present work, both experimental measurements and numerical analyses were performed to investigate the IC thresholds of two commercialized UCAs, albumin-shelled KangRun® and lipid-shelled SonoVue® microbubbles. The IC thresholds of these two UCAs were measured at varied acoustic pulse lengths and bubble concentrations, according to the IC dose quantifications based on passive cavitation detection (PCD). Then, the shell properties (shell elastic and viscous parameters) of UCAs were estimated by fitting the measured acoustic attenuation data using the coated-microbubble dynamic model. Finally, the influences of acoustic pulse length and UCA shell properties on the microbubble nonlinear behaviors were discussed, which would give us better understanding of the dependence of microbubble IC threshold on the sonication condition and physical structure properties of the coating shells.
MATERIALS AND METHODS
Two types of commercialized UCA microbubbles were studied in the current work. SonoVue® (Bracco Diagnostics Inc., Geneva, Switzerland) is filled with sulfur hexafluoride (SF6) gas encapsulated by thin lipid monolayer membrane. The concentration of microbubbles was about 2-5×10 8 microbubbles/ml. During the experiments, the reconstituted SonoVue® suspension would be further diluted to a predetermined volume concentration. Another UCA studied here is one kind of perfluoropropane (C3F8) gas bubbles coated with albumin shell (KangRun®, Hunan, China). KangRun® microbubbles have a mean radius of ~2 Pm and a concentration of 4-6×10 8 bubbles/ml. The experimental arrangements of the PCD and acoustic attenuation measurements are illustrated in Figure 1a and 1b, respectively. In PCD measurements (Figure 1a) , tone-burst sinusoidal signals generated by a waveform generator (33250A, Agilent, Santa Clara, CA) were amplified with a 53dB power amplifier (2200L, E&I, Rochestor, NY) and used to drive a 1-MHz focused transducer (V392-SU, 3 inch focal length, 1.5 inch diameter, Panametrics, Waltham, MA). This transducer is denoted as the ultrasonic source, and the transmitted ultrasonic waves were focused at a hydrophilic polyester sample tube (Vention Medical, Salem, NH, USA) with 1.5-mL capacity (a diameter of 1 cm and wall thickness of 30 Pm). The pressures of the source transducer were calibrated with a needle hydrophone (HNC-100, Onda Corporation, Sunnyvale, CA) attached to a computer-controlled 3-D positioning system (Newport, Irvine, CA, USA). A 5.0-MHz unfocused transducer (V326-SU, Panametrics, 0.375 inch diameter, Waltham, MA) was positioned at 90° angle to the source and used to detect the microbubble scattering and emission signals. The detected signals were then displayed on and digitalized by a digital oscilloscope (54830B, Agilent, Santa Clara, CA) with a sampling frequency of 50MHz, while each signal contained 10000 data points.
FIGURE 1.
Experimental setups of (a) the PCD measurement system; and (b) the acoustic transmission and attenuation measurement system.
For acoustic attenuation measurements shown in Figure 1b , two unfocused transducers of 2.25 MHz and 5.0 MHz dominant frequencies (V325-SU and V326-SU, 0.375 inch diameter, Panametrics, Waltham, MA) were used, each as transmitter and receiver simultaneously. The two transducers could be selected with the help of a switcher, and were mounted in parallel in a water tank made of Perspex. The microbubble samples were filled in a polyamides cell of 2 cm thickness, with thin polythene membranes acting as acoustic windows, and were placed at a distance of 8 cm from the transducers. A stain steel block working as the reflector was located 8cm from the sample. A pulser/receiver (5900PR, Panametrics, Waltham, MA) was used to drive the two transducers at 200 pulses per second and extract the reflected RF signals. The driving pressure of the transmitting signals was about 50 kPa, so that the UCA microbubbles would be expected to undergo linear oscillations. Each of the detected signals included 5000 data points after digitalized by the oscilloscope at a sample rate of 50 MHz. In determining the transmission spectra of microbubble samples, the 2.25 MHz transducer was used between 1 MHz and 3.5 MHz, and the 5 MHz transducer covered the frequency range from 3 MHz to 5 MHz. In the overlapped frequency region, the two obtained transmission spectra were averaged. To calculate the frequency-dependent attenuation, transmission spectrum of water was divided by that of the samples. The gray region in Figure 1 was immersed in degassed water, in which the oxygen concentration was less than 4 ppm.
For the acoustic pressure greater than a typical threshold, UCA microbubbles will undergo violent IC behavior. The acoustic scattering and emission signals of IC microbubbles can be sensitively detected using a PCD system, and the transient acoustic emissions produced by the IC activity are characterized by a sudden enhanced frequency spectra resulting from the broadband noise generated in the IC destruction process 15, 16 . The IC "dose" (ICD) quantification method used in the present studies was similar to that described in more detail elsewhere 16, 17 . Briefly, each PCD-detected waveform of all sampled time series was first transformed to its frequency spectrum. The root mean square (RMS) amplitude of the broadband noise signal was determined within a specific narrow frequency window between the third and fourth harmonics. These FFT RMS amplitudes were then plotted for all sampled waveforms essentially as functions of time. Eventually, the accumulated ICD was quantified as the integrated area under this curve over the entire exposure 'on' time period.
During the experiments, both the SonoVue® and KangRun® microbubbles were eventually diluted to two volume concentration levels, viz., 0.125 V% and 0.25 V%. For each sample (e.g., SonoVue® with a volume concentration of 0.25% exposed to 20-cycle tone burst), the output voltage of the function generator was increased at a 5-mV step size every 2s from an initial level (viz., 10 mV that was calibrated to be 12.8 kPa) over a 60-s period. The quantified ICD data were then plotted as functions of calibrated acoustic pressure P- (Figure 2 ). Data were presented as the means ± standard deviation for 5 replicate observations. ICDs produced under different conditions were compared using singletailed Student's t-test. Significance was accepted at p<0.05. The detectable IC threshold (dashed line) is defined operationally as the P-level at which the ICD is statistically increased relative to baseline. The baseline was measured in degassed phosphate buffer saline (PBS) without UCAs, at P-= 12.8 kPa). The shell parameters of UCA microbubbles can be estimated by comparing the measured acoustic attenuation data with the theoretical attenuation spectra calculated from the coated bubble dynamic models 6, 7 . As pointed by previous discussions 18, 19 , all the earlier models with constant shell parameters exhibit equally for linear bubble responses. Actually, all the shell terms are virtually identical to those used in de Jong's model, which are analogs of Hooke's elastic and Newton's viscous laws 18 . Therefore, in the present work, the UCA shell parameter estimations were carried out based on a UCA model developed by Chatterjee and Sarkar 7 , which takes into account the shell interfacial tension and dilatational viscosity while assuming the encapsulating shell thickness to be an infinitesimal thickness.
RESULTS AND DISCUSSIONS
Based on the ICD quantification, the pulse length dependence of IC threshold was determined for both SonoVue® and KangRun® microbubbles, at two volume concentration levels (viz., 0.125 V% and 0.25 V%). The acoustic driving signals were sent from a 1-MHz focused transducer. For each tested pulse length, three replicate measurements were performed for UCA microbubbles withdrawn from three different vials. The results plotted in Figure 3 show that, for both the lipid-shelled SonoVue® and the albumin-shelled KangRun® microbubbles, the IC threshold decreases with increasing UCA volume concentrations. The IC threshold is observed to be higher for UCAs exposed to 5-cycle acoustic pulses, and then decreases when the acoustic pulse length increases from 5 cycles to 20 cycles. The UCA IC threshold tends to reach a "saturation" level as the acoustic pulse length is longer than 20 cycles. It is also observed that the IC threshold of SonoVue® is generally lower than that of KangRun®.
The shell parameters of SonoVue® and KangRun® microbubbles were estimated by fitting the measured acoustic attenuation data based on the Sarkar's model. Acoustic attenuation spectra were measured for these two kinds of UCAs at two different volume concentrations (viz., 0.125 V% and 0.25 V%). In order to theoretically fit the measured acoustic attenuation data, the size distributions of SonoVue® and KangRun® microbubbles were measured using Malvern particle size analyzer (Mastersizer 2000, Malvern Instruments Ltd., Worcestershire, UK). The measured size distribution curves are illustrated in Figure 4 , and the mean diameters of microbubbles are observed to sit at ~1.9 Pm and 2.2 Pm for SonoVue® and KangRun® microbubbles, respectively, which agrees with the manufactor-provided data.
Considering the loss of UCAs during the processes of suspension withdrawing, dilution and injection, the original UCA concentrations were set to be 2×10 8 and 4×10 8 bubble/ml, for SonoVue and KangRun, respectively. Thus, the number of bubbles per unit volume with a specific radius can be determined. Then, the acoustic attenuation spectra of SonoVue and KangRun bubbles were hence calculated. The shell parameters were finally determined by adjusting their values to minimize the summed square difference between the measured and calculated attenuation data. The estimated shell parameters are listed in Table I . Violent IC activities would take place during the ultrasound diagnostic and therapeutic applications, as long as the acoustic driving pressure is greater than a critical "on-set" value (viz., IC threshold). The introduction of UCA microbubbles will significantly reduce the value of the IC threshold and enhance the IC intensity. In clinic treatments, Ultrasound-induced UCA IC activity might play an important role in some ultrasound therapies, such as HIFU treatments for solid tumor, hemostasis, and ultrasound-assisted gene/drug delivery 1, 2 . However, it has also been reported that the IC activity of UCA microbubbles can generate undesired side-effects (e.g., tissue/vessel damage, cell apoptosis and hemorrhage) 20, 21 . Therefore, well monitoring and controlling of UCA IC threshold are important for improving the UCA-mediated ultrasound diagnosis and therapies, while minimizing the unfavorable outcomes of excessive IC behaviors.
In the present work, the IC thresholds of two kinds of commercialized UCAs (SonoVue and KangRun) were measured at varied acoustic pulse lengths and bubble volume concnetations, based on the ICD quantification. The shell elastic and viscous terms of these two kinds of UCAs were also estimated by fitting the measured acoustic attenuation spectra with Sarkar's model. The decrease of IC threshold with the increasing UCA volume concentration is acceptable and agree with previous studies 4, 16, 17 , which suggested that with higher volume concentration more microbubbles could act as nucleation sites to enable the generation of IC activities. In the clinic practices, the acoustic pulse length is one of the important acoustic exposure conditions that might affect the dynamic responses of UCA microbubbles. Shorter pulses (e.g., 2-5 cycles) are usually adopted in clinic diagnostic ultrasound situations, while longer pulses or even continuous waves are more often utilized in therapeutic ultrasound applications. The experimental results shown in Figure 3 indicate that, for both the lipid-shelled SonoVue and the albumin-shelled KangRun microbubbles, a general decrease of IC threshold is observed when the acoustic pulse length increases from 5 cycles to 20 cycles.
In addition to the acoustic exposure conditions, the physical properties of the encapsulating shell can also significantly affect the dynamic responses of UCA microbubbles. Figure 3 illustrates that, in general, SonoVue has lower IC threshold than KangRun bubbles. As listed in Table I , based on the acoustic attenuation measurements, the shell interfacial tension and dilatational viscosity estimated for SonoVue® are smaller than those of KangRun, which indicates that the albumin shell of KangRun microbubbles has relatively larger elasticity and can cause more damping.
It is noteworthy that the experimentally detectable IC pressure thresholds of UCAs (see Figure 3) , at which the "statistically significant" inertial cavitation noise dose accumulated during the exposure period is above the ICD baseline measured in PBS, are higher than the values determined by the numerical simulations of bubble dynamic responses. This discrepancy could result from the limited detection sensitivity (i.e., signal-to-noise ratio) of the experimental instruments.
CONCLUSIONS
In this work, the IC thresholds of lipid-shelled SonoVue and albumin-shelled KangRun microbubbles were determined based on the ICD quantification for the characteristic IC broadband noise signals detected by PCD system. Meanwhile, the shell elastic and viscous coefficients of these two types of UCAs were also estimated by fitting the measured acoustic attenuation spectra with Sarkar's model. The experimental results show that: (1) the IC threshold of UCAs is dependent on the acoustic driving conditions (e.g., the pulse length), the shell properties of UCAs and the bubble concentration; (2) for both the lipid-and albumin-shelled UCAs, the IC threshold generally decreases with the increasing UCA volume concentration; and (3) IC threshold is observed higher for short-pulse excitation (e.g., 5-cycle pulse length), then its value decreases as the acoustic pulse length increases from 5 cycles to 20 cycles and finally tends to reach a steady state for even longer pulsed exposures.
